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1 Introduction
Future colliders, such as the LHC [1] or an e+e− linear collider (LC) [2], will ex-
plore the energy range
√
s ≫ MZ. It is known since many years (see, for instance,
Refs. [3,4]) that above the electroweak scale the structure of the leading electroweak
corrections changes and double logarithms of Sudakov type [5] as well as single loga-
rithms involving the ratio of the energy to the electroweak scale become dominating.
These logarithms arise from virtual (or real) gauge bosons emitted by the initial and
final-state particles. They correspond to the well-known soft and collinear singulari-
ties observed in QCD.
In the electroweak theory, unlike in massless gauge theories, the large logarithms
originating from virtual corrections are of physical significance. In fact, real Z-boson
and W-boson bremsstrahlung need not be included, since the masses of the weak
gauge bosons, Z and W, provide a physical cutoff, and the massive gauge bosons can
be detected as distinguished particles.
The typical size of double-logarithmic (DL) and single-logarithmic (SL) corrections
is given by
α
4πs2w
log2
s
M2W
= 6.6%,
α
4πs2w
log
s
M2W
= 1.3% (1.1)
at
√
s = 1TeV and increases with energy. If the experimental precision is at the
few-percent level like at the LHC, both DL and SL electroweak contributions have
to be included at the one-loop level. In view of the precision objectives of a LC,
between the percent and the permil level, besides the complete one-loop corrections
also two-loop DL effects have to be taken into account.
Owing to this phenomenological relevance, the infrared (IR) structure of the elec-
troweak theory is receiving increasing interest recently. The one-loop structure and
the origin of the DL corrections have been discussed for e+e− → f f¯ [6,7] and are by
now well established. Recipes for the resummation of the DL corrections have been
developed [8,7,9,10] and explicit calculations of the leading DL corrections for the pro-
cesses g → f f¯ and e+e− → f f¯ have been performed [11,12,13]. On the other hand,
for the SL corrections complete one-loop calculations are only available for 4-fermion
neutral-current processes [14,9] and W-pair production [4]. The subleading two-loop
logarithmic corrections have been evaluated for e+e− → f f¯ in Ref. [9]. A general
recipe for a subclass of SL corrections to all orders has been proposed in Ref. [15],
based on the infrared-evolution-equation method.
Here, we summarize the results for all DL and SL contributions to the electroweak
one-loop virtual corrections published in Ref. [16]. The results apply to exclusive
processes with arbitrary external states, including transverse and longitudinal gauge
bosons as well as Higgs fields.
The paper is organized as follows: in Section 2 we introduce our notations and
discuss the origin of the leading electroweak logarithms. The leading logarithms orig-
inating from the soft–collinear region, from the soft or collinear regions, and from
parameter renormalization are considered in Sections 3, 4, and 5, respectively. In
Section 6 we apply our general results to W-boson-pair production in e+e− annihila-
tion.
2 Form and origin of enhanced logarithmic corrections
We consider electroweak processes involving n arbitrary incoming1 particles (or
antiparticles) associated to the fields ϕik ,
ϕi1(p1) . . . ϕin(pn)→ 0. (2.1)
The indices ik correspond to the reducible representation of SU(2) × U(1) including
all fields in the standard model, and we restrict ourselves to Born matrix elements
Mi1...in0 (p1, . . . , pn) that are not suppressed in the limit where all invariants are much
larger than the gauge-boson masses,
rkl := (pk + pl)
2 ∼ 2pkpl ≫M2W. (2.2)
In the high-energy limit (2.2), we split all enhanced DL and SL corrections into
a “symmetric electroweak” (ew) part given by logaritms of the ratio between the
energy and the electroweak scale (1.1) and a remaining part that we denote as “pure
electromagnetic contribution” (em), which involves logarithms of the light-fermion
masses and the infinitesimal photon mass λ used to regularize IR singularities. For
the symmetric electroweak logarithms we introduce the shorthands
L(s) :=
α
4π
log2
s
M2W
, l(s) :=
α
4π
log
s
M2W
. (2.3)
We assume that the masses MH, mt, MZ, and MW have the same order of magnitude
and neglect all logarithms of ratios of these masses.
In logarithmic approximation (LA) the one-loop corrections to (2.1) assume the
form
δMi1...in(p1, . . . , pn) =Mi
′
1
...i′n
0 (p1, . . . , pn)δi′1i1...i′nin , (2.4)
i.e. they factorize into the lowest-order matrix element times an SU(2) × U(1) ma-
trix. For matrix elements that are not mass-suppressed the factorization formula is
universal. The matrix δi′
1
i1...i′nin
can be expressed using the couplings ieIVa(ϕ) of the
external fields ϕik to the gauge bosons Va. These correspond to the generators of
infinitesimal global SU(2)× U(1) transformations of these fields,2
δVaϕi = ieI
Va
ϕiϕi′
(ϕ)ϕi′. (2.5)
1Usual scattering processes are obtained by crossing symmetry
2Details about the explicit form of the generators and other group theoretical quantities can be
found in the appendix of Ref. [16].
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In terms of the electric charge Q and weak isospin T a they are given by
IA = −Q, IZ = T
3 − s2wQ
swcw
, I± =
T 1 ± iT 2√
2sw
(2.6)
and depend on the weak mixing angle, which is fixed by c2w = 1− s2w =M2W/M2Z.
In general, large logarithms contributing to (2.4) are shared between the loop
diagrams and the coupling- and field-renormalization constants, depending on the
gauge-fixing and the renormalization scheme. We work within the ’t Hooft–Feynman
gauge and adopt the on-shell scheme [17] for field and parameter renormalization.
We use dimensional regularization and choose the regularization scale µ2 = s so that
the logarithms log (µ2/s) related to the UV singularities are not enhanced, and only
the mass-singular logarithms log (µ2/M2) or log (s/M2) are large. In this setup large
logarithms are distributed as follows:
• The DL contributions originate from those one-loop diagrams where soft–colline-
ar gauge bosons are exchanged between pairs of external legs. These double
logarithms are obtained with the eikonal approximation.
• The SL mass-singular contributions from loop diagrams originate from the emis-
sion of virtual collinear gauge bosons from external lines [18]. These SL con-
tributions are extracted from the loop diagrams in the collinear limit by means
of Ward identities, and are found to factorize into the Born amplitude times
“collinear factors” [19] .
• The remaining SL contributions originating from soft and collinear regions are
contained in the field renormalization constants (FRCs).
• The parameter renormalization (PR) constants, i.e. the charge- and weak-
mixing-angle renormalization constants, as well as the renormalization of dimen-
sionless mass ratios associated with the Yukawa and the scalar self-couplings,
involve the SL contributions of UV origin. These are the logarithms that are
controlled by the renormalization group.
The DL and SL mass-singular terms are extracted from loop diagrams by setting
all masses to zero in the numerators of the loop-integrals. For processes involving
external longitudinal gauge bosons, this approach is not directly applicable, owing to
the longitudinal polarization vectors
ǫµL(p) =
pµ
M
+O
(
M
p0
)
, (2.7)
which are inversely proportional to the gauge boson mass. However, since we are
only interested in the high-energy limit, we can use the Goldstone-boson equivalence
theorem [20] taking into account the correction factors from higher-order contributions
[21].
3
3 Soft–collinear contributions
The DL corrections originate from loop diagrams where virtual gauge bosons
Va = A,Z,W
± are exchanged between pairs of external legs (Figure 1), and arise
from the integration region where the gauge-boson momenta are soft and collinear
to one of the external legs. They are obtained using the eikonal approximation, and
result in a double sum over pairs of external legs
δDLMi1...in = α
8π
n∑
k=1
∑
l 6=k
∑
Va=A,Z,W±
IVai′
k
ik
(k)IV ai′
l
il
(l)Mi1...i′k...i′l...in0
×
[
log2
( |rkl|
M2Va
)
− δVaA log2
(
m2k
λ2
)]
, (3.1)
where V a represents the charge conjugated of V
a. Formula (3.1) applies to chiral
fermions, Higgs bosons, and transverse gauge bosons and depends on their gauge
couplings IVa(k). The DL corrections for external longitudinal gauge bosons ZL and
W±L are obtained from the corrections (3.1) for the corresponding external would-be
Goldstone bosons χ and φ±, respectively, using the equivalence theorem
δDLM...W±L ... = δDLM...φ±...,
δDLM...ZL... = iδDLM...χ.... (3.2)
Leading soft–collinear contributions
The DL term in (3.1) containing the invariant rkl depends on the angle between
the momenta pk and pl. Writing
log2
( |rkl|
M2
)
= log2
(
s
M2
)
+ 2 log
(
s
M2
)
log
( |rkl|
s
)
+ log2
( |rkl|
s
)
, (3.3)
one can isolate an angular-independent part proportional to L(s), and this part,
together with the additional contributions from photon loops in (3.1), gives the leading
n∑
k=1
∑
l<k
∑
Va=A,Z,W±
Va
ϕik
ϕil
Figure 1: Feynman diagrams leading to DL corrections
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soft–collinear (LSC) contribution. Using the invariance of the S matrix with respect
to global SU(2)×U(1) transformations, the LSC contribution in (3.1) can be written
as a single sum over external legs,
δLSCMi1...in =
n∑
k=1
δLSCi′
k
ik
(k)Mi1...i′k ...in0 , (3.4)
where the correction factors reads
δLSCi′
k
ik
(k) = −1
2
[
Cewi′
k
ik
(k)L(s) + δi′
k
ikQ
2
kL
em(s, λ2, m2k)
]
. (3.5)
The first term represents the DL symmetric-electroweak part and is proportional to
the effective electroweak Casimir operator3
Cew :=
∑
Va=A,Z,W±
IVaIV a =
1
c2w
(
Y
2
)2
+
1
s2w
CSU(2), (3.6)
which depends on the weak hypercharge Y = 2(Q − T 3) and the SU(2) Casimir
operator CSU(2). The second term in (3.5) originates from photon loops and reads
Lem(s, λ2, m2k) := 2l(s) log
(
M2W
λ2
)
+
α
4π
[
log2
M2W
λ2
− log2 m
2
k
λ2
]
. (3.7)
Subleading soft–collinear contributions
The remaining part of (3.1) is a subleading soft–collinear (SSC) contribution,
δSSCMi1...in =
n∑
k=1
∑
l<k
∑
Va=A,Z,W±
δVa,SSCi′
k
iki
′
l
il
(k, l)Mi1...i′k...i′l...in0 . (3.8)
This remains a sum over pairs of external legs with angular-dependent factors4
δVa,SSCi′
k
iki
′
l
il
(k, l) =
[
2l(s) + δVaA
α
2π
log
M2W
λ2
]
log
|rkl|
s
IVai′
k
ik
(k)IV ai′
l
il
(l). (3.9)
Owing to the non-diagonal matrices I±(k) (cf. appendix of Ref. [16]), the exchange of
soft charged gauge bosons involves SU(2)-transformed Born matrix elements on the
right-hand side of (3.8).
3 As explained in Ref. [16] care must be taken for reducible representations, where owing to
mixing, (3.6) can be non-diagonal.
4Double logarithms of rkl/s are neglected in the limit (2.2).
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4 Collinear and soft single logarithms
The collinear and soft SL corrections originate from field renormalization and from
mass-singular loop diagrams. On one hand the FRCs give the well-known factors
δZϕ/2 for each external leg, containing collinear as well as soft SL contributions.
On the other hand, mass-singular logarithms arise from the collinear limit of loop
diagrams where an external line splits into two internal lines [18], one of these internal
lines being a virtual gauge boson A,Z, or W. Both contributions factorize as a sum
over the external legs,
δCMi1...in =
n∑
k=1
δCi′
k
ik
(k)Mi1...i′k ...in0 (4.1)
with
δCi′
k
ik
(k) =
1
2
δZϕi′
k
ik
+ δcolli′
k
ik
(k)
∣∣∣∣
µ2=s
. (4.2)
The factorization of the mass-singular loop diagrams will be presented in a forthcom-
ing publication [19]. Therein, we derive the factorization identities
∑
Va=A,Z,W±

 Va
ϕik −
Va
ϕik
(4.3)
−∑
l 6=k


Va
ϕik
ϕil


eik. appr.


∣∣∣∣∣∣∣∣∣∣∣∣∣∣
coll.
=
∑
ϕi′
k
ϕi′
k
δcollϕi′
k
ϕik
.
for fermions, gauge bosons and scalar bosons. These identities are obtained by
evaluation of the loop diagrams involving the collinear splitting processes ϕik(p) →
V a(q)ϕi′
k
(p− q), after subtraction of the contributions already contained in the FRCs
and the soft collinear corrections. In the limit of collinear gauge-boson emission, the
left-hand side of (4.3) is proportional to
∑
Va,ϕi′
k
∫
dqD
(2π)D
−ieIV aϕi′
k
ϕik
qµ
(q2 −M2Va)[(p− q)2 −M2ϕi′
k
]
×


ϕi′
k
(p − q)
V aµ (q)
−
ϕi′
k
(p − q)
V aµ (q)


,
(4.4)
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where the diagrams between the curly brackets are contracted with the gauge-boson
momentum qµ. These contractions can be simplified using Ward identities resulting
from the BRS symmetry of the spontaneously broken SU(2)×U(1) gauge theory (cf.
Ref. [19]), and in the limit where qµ becomes collinear to the external momentum pµ
we obtain
lim
qµ→xpµ
qµ ×


ϕi′ (p − q)
V aµ (q)
− ϕi′ (p − q)
V aµ (q)


=
∑
ϕi′′
ϕi′′ (p)
eIV
a
ϕi′′ϕi′
,
(4.5)
up to mass-suppressed terms. Combining (4.5) with (4.4) we obtain the factorization
identity (4.3) with the collinear factors
δcollϕi′ϕi =
α
4π
K
[
Cewϕi′ϕi log
µ2
M2W
+ δϕi′ϕiQ
2
ϕi
log
M2W
M2ϕi
]
, (4.6)
where K = 2 for fermions and K = 1 for Higgs bosons, would-be Goldstone bosons,
and gauge bosons.
In the following, we present the complete SL corrections (4.2) for the cases of
external fermions, transverse and longitudinal gauge bosons, and Higgs bosons.
Chiral fermions
For fermions fκσ with chirality κ = R,L and isospin indices σ = ±
δCfσfσ′ (f
κ) = δσσ′
{[
3
2
Cewfκ −
1
8s2w
(
(1 + δκR)
m2fσ
M2W
+ δκL
m2f−σ
M2W
)]
l(s) +Q2fσ l
em(m2fσ)
}
.
(4.7)
Besides the contribution of the Casimir operator (3.6), we have Yukawa terms propor-
tional to the masses of the fermion fσ and of its isospin partner f−σ. These are large
for fκσ = t
R, tL, and bL, where one of the masses is mt. The pure electromagnetic
logarithms are given by
lem(m2f) :=
α
4π
[
1
2
log
M2W
m2f
+ log
M2W
λ2
]
. (4.8)
Transverse physical gauge bosons A,Z,W±
The collinear corrections for external physical gauge bosons are related to the one-
loop coefficients of the electroweak beta functions. In the mass-eigenstate basis Va =
7
A,Z,W± these coefficients generalize to a matrix bewab in the adjoint representation
(cf. appendix of Ref. [16]). The charged component reads
bew
WσWσ
′ = δσσ′
19
6s2w
, (4.9)
and determines the running of the SU(2) gauge coupling. In the neutral sector we
have
bewAA = −
11
3
, bewAZ = b
ew
ZA = −
19 + 22s2w
6swcw
, bewZZ =
19− 38s2w − 22s4w
6s2wc
2
w
.(4.10)
The AA component determines the running of the electric charge, and the AZ com-
ponent is associated with the running of the weak mixing angle [cf. (5.3)]. The SL
corrections for transverse gauge bosons are given by
δCVaVb(VT) =
1
2
[
bewVaVb + EVaVbb
ew
AZ
]
l(s) + δVaVbQ
2
Va
lem(M2W)−
1
2
δVaAδVbA∆α(M
2
W).
(4.11)
The first term corresponds to the result for a symmetric massless gauge theory like
QCD (see for instance Ref. [22]). The second term is proportional to the antisym-
metric matrix EVaVb , with non-vanishing components EAZ = −EZA = 1. This term
results from the on-shell renormalization condition [17] and ensures that the correc-
tion factor for external photons does not involve mixing with Z bosons,
δCZA(VT) = 0. (4.12)
The third term in (4.11) represents an electromagnetic contribution for charged ex-
ternal gauge bosons. Finally, the AA component receives a pure electromagnetic
contribution associated with the light-fermion loops,
∆α(M2W) =
α
3π
∑
f,i,σ 6=t
NfCQ
2
fσ
log
M2W
m2fσ,i
(4.13)
where the sum runs over the generations i = 1, 2, 3 of leptons and quarks f = l, q
with isospin σ and colour factor NfC, omitting the top-quark contribution.
Longitudinally polarized gauge bosons Z, W±
The mass singular corrections for external longitudinal gauge bosons Z, W±, are
obtained from the corrections for the corresponding would-be Goldstone bosons χ,
φ± using the equivalence theorem. For renormalized amputated Green functions we
have the relations
pµ〈W±µ (p) . . .〉 = ±MW(1 + δCφ)〈φ±0 (p) . . .〉,
pµ〈Zµ(p) . . .〉 = iMZ(1 + δCχ)〈χ0(p) . . .〉. (4.14)
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Besides the lowest-order contribution, (4.14) contains non-trivial higher-order correc-
tions owing to the mixing between gauge bosons and would-be Goldstone bosons [21].
These corrections correspond to the FRC’s for would-be Goldstone bosons in (4.2),
and combining them with the collinear factors for would-be Goldstone bosons one
obtains
δCφ±φ±(Φ) = δCφ + δ
coll
φ±φ±(Φ) =
[
2CewΦ −
3
4s2w
m2t
M2W
]
l(s) +Q2Wl
em(M2W),
δCχχ(Φ) = δCχ + δ
coll
χχ (Φ) =
[
2CewΦ −
3
4s2w
m2t
M2W
]
l(s). (4.15)
The result is written in terms of the eigenvalue of Cew for the scalar doublet Φ and
contains large Yukawa contributions.
Higgs bosons
The SL corrections (4.2) for Higgs bosons read
δCHH(Φ) =
[
2CewΦ −
3
4s2w
m2t
M2W
]
l(s). (4.16)
Note that up to pure electromagnetic contributions, longitudinal gauge bosons and
Higgs bosons receive the same collinear SL corrections.
5 Logarithms connected to parameter renormalization
The logarithms related to UV divergences originate from the renormalization of
the dimensionless parameters
e, cw =
MW
MZ
, ht =
mt
MW
, hH =
M2H
M2W
, (5.1)
i.e. the electric charge, the weak mixing angle, and the dimensionless mass ratios re-
lated to the top-quark Yukawa coupling and to the scalar self-coupling, respectively.
These SL corrections determine the running of the couplings, and in one-loop approx-
imation they are obtained from the Born matrix element M0 =M0(e, cw, ht, hH) in
the high-energy limit by
δPRM = δM0
δe
δe+
δM0
δcw
δcw +
δM0
δht
δht +
δM0
δhH
δheffH
∣∣∣∣∣
µ2=s
. (5.2)
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The contribution from the tadpole renormalization to the renormalization of the scalar
self-coupling (cf. Ref. [23]) is included in the effective counterterm δheffH . In the on-
shell scheme (and in LA) the counterterms read
δc2w
c2w
=
sw
cw
bewAZ l(µ
2),
δe2
e2
= −bewAAl(µ2) + ∆α(M2W),
δht
ht
=
{
1
2
bewWW −
3
2
(CewtR + C
ew
tL ) +
9
8s2w
m2t
M2W
}
l(µ2),
δheffH
hH
=
{
bewWW +
3
2s2w
[
M2W
M2H
(
2 +
1
c4w
)
−
(
2 +
1
c2w
)
+
M2H
M2W
]
+
3
s2w
m2t
M2W
(
1− 2m
2
t
M2H
)}
l(µ2). (5.3)
In the case of processes with longitudinal gauge bosons, the renormalization (5.2)
must be performed in the matrix elements resulting from the equivalence theorem.
6 Application to W-boson-pair production
In this section, the above results for Sudakov DL, collinear or soft SL, and PR
corrections are applied to W-pair production. Similar results for neutral gauge-boson-
pair production and neutral current processes e+e− → ff can be found in Ref. [16].
We consider the polarized scattering process5 e+κ e
−
κ → W+λ+W−λ− , where κ = R,L
is the electron chirality, and λ± = 0,± represent the gauge-boson helicities. In the
high-energy limit only the following helicity combinations are non-suppressed [4,24]:
the purely longitudinal final state (λ+, λ−) = (0, 0), which we denote by W
+
LW
−
L , and
the purely transverse and opposite final states (λ+, λ−) = (±,∓), which we denote
by W+TW
−
T . The Mandelstam variables are s = (pe+ + pe−)
2, t = (pe+ − pW+)2 ∼
−s(1 − cos θ)/2, and u = (pe+ − pW−)2 ∼ −s(1 + cos θ)/2, where θ is the angle
between e+ and W+. The Born amplitude gets contributions of the s- and t-channel
diagrams in Figure 2 and reads
Me
+
κ e
−
κ→W
+
L
W−
L
0 = e
2Re−κ φ−
As
s
, Me
+
κ e
−
κ→W
+
T
W−
T
0 = δκL
e2
2s2w
At
t
(6.1)
up to terms of order M2W/s, where Rϕiϕk := I
A
ϕi
IAϕk + I
Z
ϕi
IZϕk is given by
Re−
R
φ− =
1
2c2w
, Re−
L
φ− =
1
4s2wc
2
w
, Re−
L
W−
T
=
1
2s2w
. (6.2)
The amplitude for transverse gauge-boson production is is non-suppressed only for
left-handed electrons in the initial state. In the following we give the one-loop correc-
5The momenta and fields of the initial states are incoming, and those of the final states are
outgoing.
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tions as relative corrections to the Born matrix elements (6.1). The LSC contributions
(3.4) read
δLSC
e+κ e
−
κ→W
+
λ
W−
−λ
= − ∑
ϕ=eκ,Wλ
[
Cewϕ L(s) + L
em(s, λ2, m2ϕ)
]
. (6.3)
Here and in the following formulas, the quantum numbers of the would-be Gold-
stone bosons φ± have to be used for longitudinally polarized gauge bosons W±L . The
eigenvalues of the effective electroweak Casimir operator are
CeweR =
1
c2w
, CeweL = C
ew
Φ =
1 + 2c2w
4s2wc
2
w
, CewWT =
2
s2w
. (6.4)
The SSC corrections are obtained by applying (3.8) to the crossing symmetric process
e+κ e
−
κW
−
λW
+
−λ → 0. The contribution of the neutral gauge bosons Va = A,Z gives
∑
Va=A,Z
δVa,SSC
e+κ e
−
κ→W
+
λ
W−
−λ
= −
[
4Re−κW−λ
l(s) +
α
π
log
M2W
λ2
]
log
t
u
, (6.5)
The contribution of soft W± bosons to (3.8) yields
∑
Va=W±
δVa,SSCMe+κ e−κ φ−φ+ = 2l(s)δκL√
2sw
[
1
2sw
(
Mνκe−κHφ+0 +Me
+
κ νκφ
−H
0
)
+
i
2sw
(
Mνκe−κ χφ+0 −Me
+
κ νκφ
−χ
0
)]
log
|t|
s
,
∑
Va=W±
δVa,SSCMe+L e−LW−TW+T = 2l(s)√
2sw
[(
MνLe
−
L
ATW
+
T
0 +Me
+
L
νLW
−
T
AT
0
)
− cw
sw
(
MνLe
−
L
ZTW
+
T
0 +Me
+
L
νLW
−
T
ZT
0
)]
log
|t|
s
, (6.6)
and after explicit evaluation of the SU(2)-transformed Born matrix elements on the
left-hand side of (6.6), we find the relative corrections
∑
Va=W±
δVa,SSC
e+κ e
−
κ→W
+
L
W−
L
= −l(s) δκL
s4wRe−
L
φ−
log
|t|
s
,
e−
e+
φ−
φ+
A,Z
e−
e+
νe
W−T
W+T
Figure 2: Dominant lowest-order diagrams for e+e− → φ+φ− and e+e− →W+TW−T
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∑
Va=W±
δVa,SSC
e+
L
e−
L
→W+
T
W−
T
= − 2
s2w
(
1− t
u
)
l(s) log
|t|
s
. (6.7)
The collinear and soft SL corrections can be read off from (4.7), (4.11), and (4.15),
δC
e+κ e
−
κ→W
+
L
W−
L
=
[
3Ceweκ + 4C
ew
Φ
]
lC − 3
2s2w
m2t
M2W
lYuk +
∑
ϕ=e,W
2lem(m2ϕ),
δCe+
L
e−
L
→W+
T
W−
T
=
[
3CeweL + b
ew
WW
]
lC +
∑
ϕ=e,W
2lem(m2ϕ). (6.8)
Here the Yukawa and non-Yukawa l(s) terms have been denoted by lYuk and lC,
respectively. Note that the (large) Yukawa contributions occur only for longitudinal
gauge bosons.
The PR logarithms are obtained from the renormalization of (6.1). The corre-
sponding l(s) terms are denoted by lPR, and according to (5.3) given by
δPR
e+
R
e−
R
→W+
L
W−
L
= −
[
sw
cw
bewAZ + b
ew
AA
]
lPR +∆α(M
2
W),
δPR
e+
L
e−
L
→W+
L
W−
L
= −
[
(1− c
2
w
s2w
)
sw
cw
bewAZ + b
ew
AA
]
lPR +∆α(M
2
W),
δPR
e+
L
e−
L
→W+
T
W−
T
= −bewWW lPR +∆α(M2W). (6.9)
In order to give an impression of the size of the correction, we give a numerical
evaluation of the symmetric electroweak part (ew) (2.3) of the above results. Using
the physical parameters
MW = 80.35GeV, MZ = 91.1867GeV, mt = 175GeV, α =
1
137.036
,
(6.10)
we obtain
δewe+
L
e−
L
→W+
T
W−
T
= −12.6L(s)− 8.95
[
log
t
u
+
(
1− t
u
)
log
|t|
s
]
l(s) + 25.2 lC − 14.2 lPR,
δew
e+
L
e−
L
→W+
L
W−
L
= −7.35L(s)−
(
5.76 log
t
u
+ 13.9 log
|t|
s
)
l(s) + 25.7 lC − 31.8 lYuk
− 9.03 lPR,
δew
e+
R
e−
R
→W+
L
W−
L
= −4.96L(s)− 2.58
(
log
t
u
)
l(s) + 18.6 lC − 31.8 lYuk + 8.80 lPR. (6.11)
These correction factors are shown in Figures 3 and 4 as a function of the scattering
angle and the energy, respectively. If the electrons are left-handed, large negative DL
and PR corrections originate from the SU(2) interaction. Instead, for right-handed
12
electrons the DL corrections are smaller, and the PR contribution is positive. For
transverse W bosons, there are no Yukawa contributions and the other contributions
are in general larger than for longitudinal W bosons. Nevertheless, for energies around
1TeV, the corrections are similar. Finally, note that the angular-dependent contribu-
tions are very important for the LL and LT corrections: at
√
s ≈ 1TeV they vary from
+15% to −5% for scattering angles 30◦ < θ < 150◦, whereas the angular-dependent
part of the RL corrections remains between ±2%.
7 Conclusion
We have considered general electroweak processes at high energies. We have given
recipes and explicit formulas for the extraction of the one-loop leading electroweak
logarithms. Like the well-known soft–collinear double logarithms, also the collinear
single logarithms can be expressed as simple correction factors that are associated
with the external particles of the considered process. Up to electromagnetic terms,
the collinear SL corrections for external longitudinal gauge bosons and for Higgs
bosons are equal. The subleading single logarithms arising from the soft–collinear
limit are angular-dependent and can be associated to pairs of external particles. Their
–24
–22
–20
–18
–16
–14
–12
–10
–8
–6
–4
–2
0
40 60 80 100 120 140
θ [◦]
δew [%]
RL
LL
LT
Figure 3: Dependence of the electroweak correction factor δew
e+κ e
−
κ→W
+
λ
W−
−λ
on the scattering
angle θ at
√
s = 1TeV for polarizations RL, LL, and LT
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Figure 4: Dependence of the electroweak correction factor δew
e+κ e
−
κ→W
+
λ
W−
−λ
on the energy
√
s
at θ = 90◦ for polarizations RL, LL, and LT
evaluation requires in general all matrix elements that are linked to the lowest-order
matrix element via global SU(2) rotations. Finally, the logarithms originating from
coupling-constant renormalization are associated with the explicit dependence of the
lowest-order matrix element on the coupling parameters. Our results are applicable
to general amplitudes that are not mass-suppressed, as long as all invariants are
large compared to the masses. As illustration, we have applied our general results to
W-boson-pair production.
Acknowledgments
A.D. would like to thank the organizers of the conference, in particular Howard Haber,
for providing a very pleasant atmosphere during the whole conference and for financial
support. This work was supported in part by the Swiss Bundesamt fu¨r Bildung und
Wissenschaft and by the European Union under contract HPRN-CT-2000-00149.
References
14
[1] S. Haywood, P.R. Hobson, W. Hollik, Z. Kunszt et al., hep-ph/0003275, in Stan-
dard Model Physics (and more) at the LHC, eds. G. Altarelli and M.L. Mangano,
(CERN-2000-004, Gene`ve, 2000) p. 117.
[2] E. Accomando et al., Phys. Rep. 299 (1998) 1 [hep-ph/9705442].
[3] M. Kuroda, G. Moultaka and D. Schildknecht, Nucl. Phys. B350 (1991) 25;
G. Degrassi and A. Sirlin, Phys. Rev. D46 (1992) 3104;
A. Denner, S. Dittmaier and R. Schuster, Nucl. Phys. B452 (1995) 80 [hep-
ph/9503442];
A. Denner, S. Dittmaier and T. Hahn, Phys. Rev. D56 (1997) 117 [hep-
ph/9612390].
[4] W. Beenakker et al., Nucl. Phys. B410 (1993) 245 and Phys. Lett. B317 (1993)
622.
[5] V.V. Sudakov, JETP 3 (1956) 65.
[6] P. Ciafaloni and D. Comelli, Phys. Lett. B446 (1999) 278 [hep-ph/9809321].
[7] J.H. Ku¨hn and A.A. Penin, TTP-99-28, hep-ph/9906545.
[8] P. Ciafaloni and D. Comelli, Phys. Lett. B476 (2000) 49 [hep-ph/9910278].
[9] J.H. Ku¨hn, A.A. Penin and V.A. Smirnov, Eur. Phys. J. C17 (2000) 97 [hep-
ph/9912503].
[10] V.S. Fadin, L.N. Lipatov, A.D. Martin and M. Melles, Phys. Rev. D61 (2000)
094002 [hep-ph/9910338].
[11] M. Melles, Phys. Lett. B495 (2000) 81 [hep-ph/0006077].
[12] W. Beenakker and A. Werthenbach, Phys. Lett. B489 (2000) 148 [hep-
ph/0005316].
[13] M. Hori, H. Kawamura and J. Kodaira, Phys. Lett. B491 (2000) 275 [hep-
ph/0007329].
[14] M. Beccaria, P. Ciafaloni, D. Comelli, F. Renard and C. Verzegnassi,
Phys. Rev. D61 (2000) 073005 and 011301 [hep-ph/9906319 and hep-ph/9907
389];
M. Beccaria, F.M. Renard and C. Verzegnassi, PM-00-23, hep-ph/0007224.
[15] M. Melles, Phys. Rev. D 63 (2001) 034003 [hep-ph/0004056].
[16] A. Denner and S. Pozzorini, Eur. Phys. J. C 18 (2001) 461 [hep-ph/0010201].
15
[17] A. Denner, Fortschr. Phys. 41 (1993) 307.
[18] T. Kinoshita, J. Math. Phys. 3 (1962) 650.
[19] A. Denner and S. Pozzorini, Eur. Phys. J. C 21 (2001) 63 [hep-ph/0104127].
[20] J.M. Cornwall, D.N. Levin and G. Tiktopoulos, Phys. Rev. D10 (1974) 1145;
G.J. Gounaris, R. Ko¨gerler and H. Neufeld, Phys. Rev. D34 (1986) 3257.
[21] Y.P. Yao and C.P. Yuan, Phys. Rev. D38 (1988) 2237;
J. Bagger and C. Schmidt, Phys. Rev. D41 (1990) 264;
H.J. He, Y.P. Kuang and X. Li, Phys. Rev. Lett. 69 (1992) 2619 and
Phys. Rev. D49 (1994) 4842;
D. Espriu and J. Matias, Phys. Rev. D52 (1995) 6530 [hep-ph/9501279].
[22] Z. Kunszt, A. Signer and Z. Trocsanyi, Nucl. Phys. B420 (1994) 550 [hep-
ph/9401294].
[23] A. Denner, S. Dittmaier and G. Weiglein, Nucl. Phys. B440 (1995) 95 [hep-
ph/9410338].
[24] W. Beenakker and A. Denner, Int. J. Mod. Phys. A9 (1994) 4837.
16
